The effects of several antibiotics on the proliferation of cells of the Closterium peracerosum-strigosum-littorale complex, a unicellular charophycean alga, were examined. When cells were cultured on solid medium containing hygromycin B and phleomycin the proliferation of cells was inhibited at low concentrations of these antibiotics, with a minimum inhibitory concentration of 5.0 and 0.2 µg/mL, respectively. By contrast, kanamycin sulfate was less effective at concentrations up to 50 µg/mL. When cells were incubated in liquid medium containing hygromycin B and phleomycin, cell proliferation was severely inhibited at concentrations of 5.0 and 0.01 µg/mL, respectively. It is concluded that hygromycin B and phleomycin are highly effective for inhibiting the proliferation of C. psl. complex both on solid and in liquid medium and thus are useful for the selection of the cells transformed by selectable marker genes.
Introduction
The Closterium peracerosum-strigosum-littorale complex (C. psl. complex) belongs to unicellular charophycean green algae that have been used to elucidate aspects of sexual reproduction processes in plants, especially for the sexual differentiation and matingrelated cell-cell interaction (Sekimoto et al. 2000) . It has been well understood that these organisms secrete two sex pheromones, a protoplast-release-inducing protein (PR-IP) and a PR-IP Inducer which are critically involved in the progress of sexual reproductive processes under nutritional starved conditions (Sekimoto et al. 1990; Nojiri et al. 1995; Tsuchikane et al. 2005; Akatsuka et al. 2006) . Recently, tools for studying the transcriptional basis of these organisms such as expressed sequence tag (EST) and microarray during reproductive processes have been established (Sekimoto et al. 2003 . In these studies several conjugationrelated, pheromone-inducible, and/or sex-specific genes were identified .
To elucidate the molecular mechanisms of sexual reproduction, approaches for genetics and reverse genetics based on genetic transformation are required. However, no methods for gene introduction and transformation have been reported in charophycean algae. The establishment of a transformation system in the C. psl. complex involves a number of steps: (1) choice of antibiotics and determination of the effective inhibitory concentration for the selection of living cells, (2) construction of a plasmid vector in which a suitable resistance marker gene with constitutively active strong promoters is included, and (3) introduction of the plasmid to the cells and isolation of the stable transformants using the selective markers.
In this study, we report on the inhibitory effects of several antibiotics on the proliferation of Closterium cells, as a first important step to establish a transformation system of these organisms.
Material and methods

Algal material and culture conditions
As a representative of the Closterium peracerosum-strigosum-littorale complex (C. psl. complex), we selected strain NIES-68 (mating-type minus: mt − ) from the National Institute for Environmental Studies (Ibaraki, Japan). Cells were grown in 300 mL Erlenmeyer flasks containing 150 mL of nitrogen-supplemented medium (C medium; http://www.nies.go.jp/biology/mcc/home.htm) at 23
• C under a cycle of 16 h light and 8 h dark. Light from fluorescent lamps (FL40SSD; Toshiba, Tokyo, Japan) was adjusted to 28 µmol/m 2 /s at the surface of the culture medium. To investigate the effect of antibiotics on the proliferation of cells on solid media, we used C medium with 0.7% (w/v) agar (Wako, Osaka, Japan), to which kanamycin sulfate (Wako), hygromycin B (Wako) or phleomycin (Invit- rogen, Carlsbad, California, USA) was added. Then, 1.0 × 10 3 cells from late-logarithmic phase (10-14 days culture) were spread onto each solid medium, and were incubated at 23
• C under a light regime of 16/8 h (light/dark). Fourteen days after incubation, cells from a single colony were counted under the microscope.
To examine the effect of antibiotics on the proliferation of cells in liquid medium, 2.0 × 10 3 cells were inoculated in 2 mL of C medium which contained hygromycin B or phleomycin, and were incubated at 23
• C under the continuous light condition. After 5 days of incubation, cell numbers in liquid medium were counted under the microscope.
Results
Effect of antibiotics in solid medium
On solid medium without antibiotics, C. psl. complex proliferated vigorously and formed circle-shaped colonies 14 days after inoculation (Fig. 1A) . Proliferation of cells and formation of circular colonies were also observed on medium containing kanamycin sulfate at concentrations of 6.25-25 µg/mL (Fig. 1B-D) and partially inhibited at a concentration of 50 µg/mL (Fig. 1E) .
When the cells were inoculated on solid medium containing hygromycin B, cell proliferation was observed at concentrations of 1.25-2.5 µg/mL (Fig. 2B,  C) , whereas cells on 5 µg/mL hygromycin plate hardly proliferated (Fig. 2D) . On solid medium with a higher concentration of hygromycin B (10 µg/mL; Fig. 2E ) no cell proliferation was observed. In the case of phleomycin-containing solid medium, inhibition of cell proliferation was observed at a concentration as low as 0.2 µg/mL (Fig. 3B) .
Counts of viable cells within a single colony on solid C medium containing kanamycin, hygromycin, or phleomycin were carried out. The number of cells forming a colony was markedly decreased by the addition of hygromycin and phleomycin, with a minimum inhibitory concentration (MIC) of approximately 5.0 µg/mL (Fig. 4B ) and 0.05 µg/mL (Fig. 4C) , respectively. By contrast, the addition of kanamycin to the solid medium did not completely inhibit proliferation of cells at relatively high concentration (50µg/mL; Fig. 4A ).
Effect of the antibiotics in liquid medium
The effect of antibiotics on cell proliferation of C. psl. complex in liquid medium was also examined. When cells (1.0 × 10 3 cells/mL) were incubated for 5 days in liquid C medium containing hygromycin, the growth rate of cells decreased with increasing concentration of antibiotics. Almost no proliferation was observed when hygromycin was added to the medium at a final concentration of 5.0 µg/mL (Fig. 4D ). In the case of phleomycin, proliferation of cells was completely inhibited at a very low final concentration (0.01 µg/mL, Fig. 4E ).
Discussion
In this study, the effect of several antibiotics on cell proliferation of C. psl. complex was examined. In solid C medium containing kanamycin sulfate, proliferation of the cells was not completely inhibited in the presence of the antibiotic at relatively high concentrations (Fig. 4A) . It was observed that the presence of ampicillin at a high concentration (100 µg/mL) in solid medium had almost no effect on the cell proliferation (data not shown). On the other hand, we found that the C. psl. complex is highly sensitive to hygromycin and phleomycin, with a MIC of 5.0 µg/mL and 0.01-0.05 µg/mL, respectively (Fig. 4) . It is concluded, therefore, that hygromycin and phleomycin are useful selection markers for transformation experiments with C. psl. complex.
Hygromycin is an aminoglycoside antibiotic and is known to inhibit cell proliferation by blocking protein synthesis on ribosomes at the translocation stage (Davies & Wright 1997) . It has been used extensively in a variety of eukaryotic organisms for the selection of transformed cells in which suitable resistant genes had been introduced. The hpt gene has been used as a resistant marker gene against hygromycin in plants ( Veluthambi et al. 2003) . In the unicellular green alga, Chlamydomonas reinhardtii, an aph7" was used as a resistant marker gene against hygromycin because its codon usage was quite similar to that of the C. reinhardtii nuclear genome (Berthold et al. 2002) .
Phleomycin belongs to a family of antibiotics that acts by degrading DNA (Gatignol et al. 1988) . A ble gene encoded phleomycin-binding protein was developed as a dominant marker in a number of species including C. reinhardtii (Stevens et al. 1996) . Thus, hpt, aph7" and ble are potential candidates to be selected as resistant marker genes against hygromycin and phleomycin for the transformation of C. psl. complex. Recently, we have developed a gene introduction and transient expression system for endogenous genes using a ble and Chlamydomonas green fluorescent protein (cgfp) gene as selection markers (Abe et al. 2008) .
Closterium sp. belongs to the charophycean green algae. Recent classifications based on ultrastructural and molecular studies have indicated that the Charophyceae are closely related to land plants (McCourt et al. 2004) . Studies on the cell and developmental biology based on genetic transformation in Closterium could provide useful information for improving our understanding of the evolutionary relationship between charophycean algae and land plants, as well as to a better understanding of the mechanisms of sexual reproduction in plants.
